Abstract-A perturbed slot with reconfigurable polarization that allows operation in left-hand circular polarization (LHCP), righthand circular polarization (RHCP), or linear polarization (LP) is presented. This antenna topology is well suited for wireless communications applications requiring polarization diversity since it provides the ability to switch between the three polarization states. This design is realizable in cost-effective printed circuit board technology, making it an attractive design for low-cost personal communications devices. An element was simulated, built, and tested to illustrate the electromagnetic polarization properties of each polarization state. While the simulation includes p-i-n diode switches, the measurements only use manual switching to prove the concept.
I. INTRODUCTION
C IRCULARLY POLARIZED (CP) antennas are popular choices in mobile wireless communications applications due to their ability to allow flexible orientation between the transmitter and receiver antennas and to reduce multipath effects that can lead to signal fading in multipath environments [1] - [4] . The ability to operate with both senses (left-and right-hand) of CP allows the system to reuse frequencies and double the system capacity [5] . Moreover, if the antenna can be switched between two senses of CP as well as linear polarization (LP), it will allow the user to roam to virtually any existing network operating in the operational band of the antenna [2] . A printed circuit realization is ideal for wireless applications due to low profile, simple fabrication, low cost, and compatibility with integrated circuits. An element that combines the printed circuit realization and the reconfigurable polarization would be attractive for wireless and personal communication applications.
A common technique for achieving circular polarization is to feed the antenna in two locations with a 90 phase shift between the antenna ports. This technique has the drawbacks of requiring two feed lines as well as a hybrid network of some kind to provide the necessary phase shift. Single-feed CP has been realized in microstrip antennas through the introduction of a perturbation in opposing corners of the antenna [6] - [8] . These perturbations introduce a second near-degenerate mode. If the antenna is fed correctly, these modes can be generated with the same amplitude and a 90 phase difference resulting in CP. In these designs, the polarization is either RHCP or LHCP depending on the relationship between the feeding microstrip line and the truncated corners. While traditional microstrip antennas provide a limited CP bandwidth, printed slot antennas can prove to be more attractive elements in some cases because they provide an improved operating bandwidth without increasing the overall size of the element [9] . These elements can then be perturbed to provide a wideband CP operation by applying the principle of complementary structures to the previously mentioned perturbed class of microstrip structures [10] . A perturbed square-ring slot antenna is proposed that can be switched between RHCP, LHCP, or LP by biasing a series of p-i-n diode switches. The perturbations used in this element are triangular truncations at opposing inner corners of the square-ring slot. A prototype antenna using manual switches was designed, built, and measured to reveal the electromagnetic feasibility of the switching technique. The actual p-i-n diode switching circuitry was not implemented, but a possible layout using a scheme similar to that used in [11] and [12] is provided. The details of the control circuit designs are beyond the scope of this letter. On the other hand, the performance and effects of the p-i-n chip diode switches are included in the simulation.
II. RECONFIGURABLE SQAURE-RING SLOT TOPOLOGY
The proposed reconfigurable square-ring slot antenna is illustrated in Fig. 1 . Fig. 1(a) shows the ground plane and the feeding microstrip line, which are printed on opposite sides of a microwave substrate. The microstrip line contains a shunt stub for impedance matching. The stub was added because the optimal axial ratio (AR) occurred outside of the optimal return loss bandwidth. The perturbed slot is separated into five conducting patches as seen in Fig. 1(b) . Small conducting pads and p-i-n diode switches are located in the gap between the center conducting patch and the other four conducting patches ( , , , and ). These switches consist of a p-i-n diode in series with a large capacitor that is used to maintain continuity between the RF-grounded conductors while maintaining dc isolation. A patch is located in between the p-i-n diode and the large capacitor and is connected to the positive voltage through an inductor used as a RF choke. The five conducting patches are also dc-grounded through inductors. This biasing scheme is similar to that used in [11] and [12] .
The design presented in the following section operates at X-band frequencies, resulting in small slot dimensions. These small dimensions do not leave sufficient room in the slot for the switching components, so these components are integrated on the feed-line layer of the dielectric substrate. A conceptual view of the feed-line layer for a design, including the lumped elements, is provided in Fig. 2 . This figure shows that the control lines and lumped elements can be integrated without interfering with the microstrip feed. Electrical continuity with the ground-plane layer is maintained through the use of plated through-holes. Fig. 2(a) shows the bottom view of the printed circuit element, and Fig. 2(b) shows a detailed view of one quadrant of the design. The microstrip feed line is outlined in red in Fig. 2(a) . A lumped element illustration of a quadrant of the biasing network is provided in Fig. 3 . This figure illustrates the placement of the diode and capacitor between the pads and , and it also shows the location of the inductors for applying the dc bias voltage and ground. The dimensions of the components used in this schematic are based on commercially available chips. Avago p-i-n chip diodes are used due to their small footprint and low series resistance. The dimensions for surface mount inductors and capacitors from Vishay are used in the layout of Fig. 2 , and their circuit parameters are used in the simulations shown.
The switching could also be realized with microelectromechanical system (MEMS) switches placed between the conducting pads. The effective shape of the perturbed center region-and thus the polarization-can be controlled by biasing the proper switches. The possible polarization states (RHCP, LHCP, and LP) and the corresponding diode switch states are tabulated in Table I .
III. SIMULATED AND MEASURED RESULTS
An X-Band element was designed and simulated using CST Microwave Studio [13] , a computational electromagnetic software package employing the finite integration technique (FIT). The element is printed on a Rogers RO4350 microwave substrate ( cm, ). In the simulations, the diode switches were modeled as lumped elements with the capacitance and resistance values close to those of p-i-n diode switches in either the ON or OFF state depending on the given polarization. The resistances were 1.5 for the ON state and 100 for the OFF state; the capacitances were 0.025 pF for the OFF state and 0 pF for the ON state. This element was designed with CP operation in mind; thus, the matching stub was optimized to provide a low VSWR in this mode. If LP was more important for a given application, the matching network would be redesigned to lower the VSWR in the LP mode. A single matching stub was used in this design, but it is feasible to have multiple matching stubs optimized for each polarization state. These stubs would then be selected by additional switches.
After simulating the element using p-i-n diode switch characteristics, an element was built and tested using thin conducting wires to mimic electronically controlled switches to test each of the polarization states. Work on the switch biasing and control circuits is in progress in conjunction with using the element in an array environment. The details of the control circuit designs are beyond the scope of this letter. The VSWR of the measured design is compared to the simulated results in Fig. 4 . These results show a favorable comparison between the simulated and measured impedance match for all three polarization states.
Each of the CP modes showed 3-dB AR bandwidths of greater than 5% (5.1% for RHCP, 5.8% for LHCP), as seen in the simulated results of Fig. 5 . The plots of Fig. 5 also show the measured AR for the RHCP configuration; the measurement is in agreement with the simulations over most of the operational frequency band. This usable AR bandwidth lies entirely within the region where the simulations showed a . In the measured results, the VSWR in the usable CP regions were better than 2.0:1. . This is reflected by the increased cross-polarization levels in the lower half-plane, and it results from the observation points in the lower half-plane seeing the mirror image of the surface currents on the antenna's conducting surface seen in the upper-half plane [12] . The reversed polarization in the lower half-plane causes the patterns in the CP states to appear different than the LP state. The LP gain pattern of Fig. 6 (c) shows a cross-pol level of 35 dB on broadside. For applications requiring radiation in only a half-plane, the perturbed slot with switchable polarization could be realized using a stripline design to minimize the radiation in the lower half-plane. The electric field distributions provided in Fig. 6(d)-(f) illustrate the effect the switching on the electromagnetic operation of the slow antenna. When operating in RHCP mode, the switches from to and are ON, causing the electric field in the slot to rotate in a counterclockwise manner as illustrated in Fig. 6(d) . Conversely, Fig. 6(e) shows the electric field in the slot rotating clockwise when the switches from to and are ON for LHCP operation. When all switches are ON, the antenna operates with LP in the y-direction. This is reflected in the electric field distribution shown in Fig. 6(f) .
The polarization pattern was measured for this antenna in each of the three polarization states. This pattern provides the amplitude response of the antenna as it is rotated about its axis when illuminated by a linearly polarized plane wave [14] . The measured polarization patterns for the LHCP and LP modes are plotted in Fig. 7 . These measured patterns can be used to determine the polarization ellipse for each sense of polarization, as shown in Fig. 8 . The shape and orientation of this ellipse highlights key polarization parameters. The ratio of the major axis length to the minor axis length defines the AR, and the orientation of the major axis is referred to as the tilt angle [14] . For this antenna, the polarization ellipse for the LP mode shows that this element is vertically polarized with a 0 tilt angle. The small minor axis value for the polarization ellipse results from a cross-polarization level that is more than 20 dB down from the copolarized component. The LHCP mode has a polarization ellipse that is nearly circular, indicating excellent AR performance. A unit circle is also plotted in Fig. 8 to show the polarization ellipse for perfect CP operation. The deviation between the LHCP polarization ellipse and the ideal polarization ellipse reflects an AR less than 1.5 dB.
IV. CONCLUSION
A perturbed square ring slot with reconfigurable polarization that is capable of switching between LHCP, RHCP, and LP has been proposed. In the simulations, the switching was obtained by changing the dc bias on a series of p-i-n diode switches. The simulations accounted for the capacitance and resistance of the p-i-n diodes in the given state. The two CP states exhibited 3-dB AR bandwidths greater than 5%. A matching stub was added to improve the VSWR of the radiator in the frequency region containing the usable CP bandwidth.
An element was built and tested showing excellent polarization results for each state. Although this element utilized a simplified switching technique, it illustrated that the element has excellent polarization performance in all three polarization states. Although the actual switching and control was not constructed and the details of the biasing and control circuits were not addressed, an illustrative layout for the integration with the antenna element was provided.
